Abstract-This paper combines two planning problems into a single planning problem and numerically shows the benefits of their combination. Specifically, we combine the optimal transmission expansion planning problem and the optimal placement of thyristor controlled series compensators ( O. Alizadeh-Mousavi is with the DEPsys,
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Digital Number of all scenarios (|Ω S | = N s ).
2) Variables:
Δθ l,s Bus voltage angle difference of the two ends connected to the transmission line l in scenario s (Δθ l,s ∈ R). Δθ The excess flow due to installing a TCSC in transmission line l in senario s (ξ l,s ∈ R). ξ Binary variable denoting the installation of transmission line l (z l ∈ {0, 1} , z l = 1; ∀ l ∈ Ω E ).
3) Parameters:
A m w Incidence matrix that links the injection of wind generor w to the bus m (A m w ∈ {0, 1} N b ×N l ).
A m g
Incidence matrix that links the injection of generor g to the bus m (A mg ∈ {0, 1} N b ×N g ).
A m l
Incidence matrix that links the transmission line l to the bus m (A ml ∈ {−1, 0, 1} 
I. INTRODUCTION
I
NTEGRATION of renewable energy sources into the power system is very desirable because of their environmental qualities. However, the perishable nature of electricity and the scattered locations of renewable resources are impediments to fully capturing the benefits of their integration. To facilitate and benefit from their integration, two general approaches have been suggested: 1) adding energy storage to the system to mitigate perishability of electricity and the intermittency of the renewable sources, and 2) increasing the transfer capacity of the power system network to provide better access to renewable sources. This paper is concerned with optimally enhancing the transfer capability of the power system network. Addition of energy storage primarily addresses the intermittency of the renewable sources and perishability of electricity. Co-optimization of transmission expansion and energy storage for integrating renewable sources has received attention in the literature [1] and [2] . This approach is very appealing when the cost of storage is reasonable. The other approach is to improve the power transfer capability of the network by two types of investments: 1) through building new transmission lines, and 2) changing the electrical characteristic of the existing transmission network by placing flexible alternating current transmission system (FACTS) devices, e.g., thyristor controlled series capacitors (TCSCs). The latter improves access to the renewable sources, while the former improves power transfer capability of the network by removing transmission bottlenecks. We intend to address co-optimization of both types of investments.
Most optimal transmission expansion planning (TEP) models address investing in new transmission lines. TEP aims at determining the lowest cost transmission investment that ensures availability of an economically viable and reliable power supply to customers by taking into account the load growth, new generating capacities, intermittent nature of renewable generations, and reliability criterion. Generally, a TEP optimization model is a large-scale mixed-integer nonlinear (MINLP) program. Several relaxation and decomposition approaches have been suggested in the literature to mitigate the nonconvexity and complexities of this challenging optimization problem [3] - [11] .
Installation of TCSC devices mitigated transmission bottlenecks, and can improve power flow controllability, enhance the voltage stability, and improve the transient characteristic of the transmission network [12] and [13] . Although installation of TCSCs is very expensive, its cost is small in comparison to installing storage devices. To add TCSCs to a network one needs to determine their optimal locations and size (allocation). Generally, TCSC location-allocation is a polynomial constrained problem which renders a nonconvex solution space. Several approaches have been applied to solve the TCSC location-allocation problem, using metaheuristic [14] - [17] and classical algorithms [18] - [25] or a combination of these two methods [26] .
Since access to renewable sources is desirable and improving transfer capacity of power systems are costly, it is logical to investigate the synergy between the two investment options as a TCSC-assisted TEP problem. Under the TCSC-assisted TEP, the transmission expansion is considered in conjunction with installation of TCSCs. To our knowledge, the TCSC-assisted TEP has not been addressed in the literature. The goal of this paper is to develop mathematical models for determining the optimal transmission expansion plan while installing TCSCs on the new or existing lines is permitted. We will demonstrate, through numerical examples, that considering the network expansion as a TCSC-assisted TEP problem is more cost efficient than considering it as a TEP problem.
Finding the optimal solution of a TCSC-assisted TEP model is more challenging than either an optimal solution of a TEP model or that of a TCSC location-allocation model since it combines the nonlinearity of both models. To overcome these nonlinearities, we employ two different linearization approaches resulting in two optimization models. In the first model, we employ a general linearization method to linearize the polynomial constraints. To this end, we lift the third order polynomial constraints into higher dimensional space. Then by projecting the relaxed solution onto the original space, the optimal solution is found. This linear relaxation technique has been used in reference [27] for a TEP model; here we adapt it for our TCSC-assisted TEP model. In the second model, a modified disjunctive approach is used to reduce the number of binary variables of the formulation. A similar approach is initially proposed in [6] to solve a TEP model. We will demonstrate the efficiency of each model through numerical examples.
We employ scenarios to incorporate the joint uncertainty associated with load and renewable power generation in both models. Scenarios are developed through analysis of time series of the network load and renewable sources. Furthermore, we tie the power flow limit of a new or an existing transmission line to its length. Based on the length of a transmission line, either the thermal limit, the voltage drop limit, or the voltage stability limit is used as the upper bound of the line's power flow. Each of these limits is determined by considering the transmission line's characteristics, such as resistance, reactance, and voltage limit level.
The rest of the paper is organized as follows. Section II presents the necessary calculations for obtaining the maximum loadability of the lines as well as the procedure for generating joint load-generation scenarios. Section III proposes the mathematical optimization model MINLP for the TCSC-assisted TEP problem and presents two linearized versions of it (MILP1 and MILP2) for its implementation. Section IV provides computational results and discussion on implementing both MILP1 and MILP2 for a 6-bus and the IEEE 118-bus systems. Finally, some concluding remarks are offered in Section V.
II. LINE FLOW LIMITS AND SCENARIO GENERATION
A. Line Flow Limits
The power flow limit of a line is a function of its length as well as its other parameters, such as voltage level, reactance, resistance, and thermal limit current. Therefore, for a TEP problem, transmission line length needs to be taken into account. Here we follow the method presented in [28] and [29] to calculate the transmission line power flow limits based on the length of the transmission line and its other parameters. We categorize the transmission lines into three categories of length: 1) short lines (less than 80 km or 50 miles), 2) medium lines (between 80 to 250 km or between 50 to 156 miles), and 3) long lines (longer than 250 km or 156 miles). For each category, the equations for calculating the power flow limits are stated below.
1) Short Lines. The conductor thermal limit is the binding power flow limit for the short length transmission lines. To calculate the thermal limit, we employ the following equation,
where v l , I
th(3P) l , and cosΦ r l denote the transmission line voltage level, the 3-phase thermal limit current, and the power factor at the receiving end, respectively. In our numerical example, we use the following current values for I th(3P) l as suggested in Reference [30] : for 138 kV and 230 kV transmission lines 1000 A, and for 345 kV transmission lines 2000 A. In addition, we set the load factor to unity in our numerical examples.
2) Medium Lines. The voltage drop limit dictates the binding power flow limit for the medium length transmission lines. Equation (2) is used to calculate the voltage drop limit over the 
where v S l and v R l denote the sending and receiving end voltage levels of the transmission line l. C l and B l are constants of the line according to the equivalent π model [31] . Also, |.| and Θ . represent the magnitude and the phase angle of the complex number, respectively. Parameters r l , x l , g l , and (bc) l are resistance, inductive reactance, shunt conductance, and shunt capacitance of the transmission line l, respectively. Converting (2) to the polar form results in a trigonometric Equation (5) . To calculate the voltage drop limit, the current passing through the transmission line I l is calculated by solving (5) for I l ,
Then, the maximum power flow limit, p max l is determined by (6) .
Furthermore, although a large voltage drop margins could be taken into account, a 5% voltage drop limit is sufficient to express a heavy loaded transmission line without encountering unusual operating problems [32] . Therefore, in the numerical example for medium lines, the voltage drop limit, i.e., Δv l , is considered to be 5%.
3) Long Lines. The angular stability limit dictates the binding power flow limit for the long length transmission lines. In order to calculate the power flow limit, the following equation suggested in [32] and [28] is used.
where in (7) 8) , the percent stability margin is defined as,
For our numerical examples, Δθ l is set to 40
• to satisfy the 36% stability margin as depicted in Fig. 1 . Also, in all of the aforementioned equations, the angular values are in radians.
It is worth noting that installing a TCSC in a transmission line decreases the inductive reactance of the transmission line. This change may result in stepping up the transmission line flow limit. However, the flow through each transmission line can not exceed its thermal limit [31] .
B. Joint Load-Generation Scenarios
In the transmission network expansion planning problem, joint representative scenarios for load and generation levels need to be considered [33] and [34] . Planning based only on the peak demand is shortsighted, since peak demand does not represent the most severe operating condition for the network without considering its correlation with the renewable sources. We use the time series associated with each renewable source as well as the overall load of the network to develop operational scenarios for consideration in the TCSC-assisted transmission expansion problem.
Suppose is the set of renewable energy sources with N members, and D ∈ R (N +1)×T + is a two dimensional array of observed data representing the renewable sources generation and load levels. Each row of D represents the temporal data of length T associated either with the network load or a renewable source. For example, if there are two renewable energy sources in the network and the associated time series is for one year with hourly data, then D ∈ R (3×8760) + . For each time period t ∈ {1, 2, ..., T }, a column of D represents a combined load-generation data point (scenario). We assume data points are equally likely, i.e., each has a probability of 1 T . If the computational burden of considering T scenarios is not acceptable, then the number of scenarios could be reduced by combining data points, as described below.
The maximum and minimum values observed in each time series, i.e., rows of D, are identified. The range between the maximum and the minimum of each row in D is divided into B i bins where i ∈ {1, ..., (N + 1)} and the number of bins is set a priori . The bins of each time series will be on an axis of a (N + 1) space. Thus,
B i combinations of bins would be possible. By considering the membership of each element of a data point vector, i.e., columns of D, in the bin of its respective axis, a count is entered into a cell of the (N + 1) dimensional array. Each cell will constitute a scenario where its probability is the number of counts within that cell divided by the total number of observed data points, i.e., T . It should be noted that the total number of cells in the array (scenarios) that have a value greater than zero is bounded by T , i.e., out of
B i cells at most T cells have the value that is not zero. The probability of each 8  80  70  320  2  50  20  200  9  70  60  300  3  60  25  220  10  90  80  284  4  65  40  286  11  110  100  304  5  70  46  270  12  80  40  308  6  64  45  278  13  35  65  286  7  30  90  300  14  25 scenario that is associated to the cell with the value greater than zero is equal to the value in the cell divided by T . The following simple example demonstrates the above scenario generation procedure. Consider a 14-hour time series for two 120 MW wind generators and the load as shown in Table I . The range of observed values for the wind generator 1 and 2, and the load are , , and [200-320] MW, respectively. Each value of the time series is normalized by the maximum of its time series. We segment the normalized values into three, four, and three bins for wind 1, wind 2, and load, respectively and count the number of observation that fall in each bins of the 3 × 4 × 3 array. Fig. 2 shows a pictorial of the three dimensional array with 36 bins. For instance, the second cell in wind 1 direction indicates that in two hours out of 14 hours the wind 1 generates in the 30%-60% of its capacity while wind 2 generates between 10%-25% of its capacity while the load is at its 60%-80% level. These two times are time 2 and time 3.
In order to illustrate Fig. 2 in an appropriate way, three surfaces of load bins has been extracted in Fig. 3 . The first surface in the left side represents the instance while the load is between 60% and 80%. The second cell from the bottom with the value equal to two represents time 2 and time 3. The cell above this with the value one represents time 1. The same procedure is used to fill the whole cells. The associated probability for each scenario is calculated by dividing the the value of each cell by the total number of hours in the dataset. 
III. PROPOSED OPTIMIZATION MODEL
The goal of the proposed TCSC-assisted TEP problem is to optimally select new lines that need to be built and existing or new lines that need to be enhanced by TCSCs. To achieve this goal, we develop an optimization model with the objective of minimizing total costs that accounts for the demand and generation uncertainties and operation limitations of the system. The total costs include the cost of: 1) new lines, 2) installed TCSCs, 3) power generation, and 4) incurred load shed. By using the DC flow approximation of the system behavior, we develop a MINLP given by (9)-(23) to achieve our goal.
MINLP:
where (9), minimizes the investment costs of new transmission lines, the cost of added TCSCs, the expected generation cost under all scenarios, and the expected cost of incurred load shed. It is worth mentioning that the unit of objective function is $ /hr. Equation (10) ensures the active power balance at each bus under all scenarios. Equation (11) represents the power flow of existing and new transmission lines as a function of the respective angle difference of their connecting buses by considering the added compensation due to TCSC installation. Equation (20) sets z l = 1 for all existing lines while the value of z l for the new line is determined by the optimization process. For the line that is not selected for compensation, the flow should be in the range of the limit based on its length, i.e., p max l . This operating condition is considered in constraint (12) . Constraint (13) limits the flow of the transmission line to its thermal limit, while the line is selected for compensation by a TCSC. The active power generation limit is considered in constraint (14) . Constraint (15) ensures that the wind power curtailment under all scenarios is less than a predefined amount of the available wind power. Constraint (16) forces the wind power curtailment be less than the amount of available wind in each scenario. Equation (17) limits the maximum level of compensation for all scenarios. Constraint (18) ensures that the amount of load shed is less than the load in each scenario. Constraint (19) allows installation of the TCSC when there is an existing line or a new line is built. Equation (20) ensures the value of the binary variable for the existing line is equal to 1. Equation (21) sets the reference bus phase angle to zero. Constraint (22) limits the angle difference of each transmission line.
In the MINLP formulation, constraint (11) is a third degree polynomial making the constraint set nonlinear. To overcome the nonlinearity of this constraint, we introduce a new variable, as shown in (24) .
This new variable represents the excess flow in the transmission line as a result of installing TCSC. By substituting this new variable for the third order polynomial, we are lifting the third order polynomial equation into a higher dimensional space and overcoming its nonlinearity. Upon obtaining the solution in the higher dimensional space, it is projected back to the original space to obtain the solution of the polynomial. Since this new variable contains a binary variable, a disjunctive model is considered to ensure that while the binary variable is zero the new variable is also zero. In addition, since the compensation level is positive, i.e., λ l,s > 0, the sign of ξ l,s and Δθ l,s should be the same. Specifically, the following constraints need to be satisfied:
The "if conditions" in constraints (25) and (26) can be modeled by defining a new binary variable. While the value of binary variable is zero both Δθ and ξ are negative and while the value of binary variable is one both Δθ and ξ are positive. Therefore, σ l,s has been added to surrogate the signs of Δθ l,s and ξ l,s . Consequently, the use of the third order relaxation leads to the following mixed-integer linear programming that we refer to as (MILP1), MILP1: (27) and (28) are equivalent to (9) and (10), respectively. Constraint (29) ensures the relation of the active power flow in the transmission line l with its angle difference and its susceptance. For a new transmission line l, i.e., z l = 1, constraint (29) reverts to an equality. However, when a new line is not built, i.e., z l = 0, the big M relaxes the enforcement of the constraint (29) . Constraint (30) limits the flow of the transmission line to p max l . Constraint (31) ensures the excess power flow does not exceed the difference between the thermal flow limit and the length-based flow limit of the transmission line. However, while u l is zero, the excess flow will be zero. Since, λ l,s is a positive variable, ξ l,s and Δθ l,s should have the same sign. Constraints (32) and (33) The computational burden of the MILP1 formulation may be unacceptable for some practical applications. Therefore, we propose an approach to reduce the computational time by decomposing the transmission line angle difference, i.e., Δθ l,s , into the sum of a positive and a negative angle difference, Δθ 
Since the unit of the generation cost in the objective function is in $ /hr, the same units should be used for the cost of installing new transmission lines and TCSCs. For the TCSC investment cost, we use the estimate offered in [35] and [36] . This cost estimation is a function of TCSC reactance and the thermal limit of the transmission line that will be enhanced by the installed TCSC. For a new transmission line investment, we use the cost estimation in [37] . Equations (45) and (46) show the total cost of a TCSC and a new transmission line,
where F C T C S C = $ 22, 000/MVA, x T C S C l is the per unit capacitive reactance of the TCSC installed in transmission line l, S th l is the thermal limit, S base is the base power chosen for per unit calculations, F C lin e = $ 2, 000/MW-mile, and le l is the length of transmission line l. The reactance of the TCSC is equal to λ 1+λ x l which is a nonlinear function of the compensation level λ. To avoid introducing a nonlinearity into the objective function, we substitute x T C S C l with the maximum capacitance of a TCSC which is equal to λ m a x λ m a x +1 x l . This substitution results in an overestimation of the investment cost of the TCSC; but since the value used in the objective function is $ /hr, the effect of the overestimation is very small. To convert the unit of T C T C S C l to $ /hr, we need to know the amortization period (LT ) of the TCSCs and transmission lines, as well as the prevailing interest rate (ir). Assuming the LT is in years, ir is the percentage per year, and compounded interest is used, the expressions for the capital recovery factor (CRF) [38] and hourly conversion in (48) convert the investment cost to the hourly term.
Without loss of generality, we assume the same lifespan for both the new transmission line and the TCSC.
IV. NUMERICAL RESULTS
We investigate the fidelity of the proposed optimization model and the effectiveness of its linearized versions by using the modified 6-bus Graver's system [39] and the IEEE 118-bus system [40] and [41] . In each corridor, we limit the number of new lines under consideration to three. Moreover, the amortized costs are calculated for a life of 40 years with an interest rate of 5% per year. The cost of curtailment of demand is assumed to be 10,000 $ /MWh. The time series of demand and wind data with hourly resolution for 8,760 hours are taken from the IEEE RTS paper [42] and NREL website [43] , respectively. We assume all wind power generators have zero marginal cost. In all of the experiments, we assume the percentage of the wind that should be committed, i.e., α, is equal to 90%.
The simulation results captured include the investment decisions and costs, operation costs, percentage of wind power curtailment, and computation time. The procedure is implemented by using GORUBI 6.5 [44] under MATLAB using a YALMIP interface [45] on a DELL Inspiron 3,847 computer with Intel Core-i7 processor at 3.6 GHz and 16 GB of RAM.
A. Experiments Using the 6-Bus System
The single line diagram of the modified 6-bus system is shown in Fig. 4 . A wind generator with the capacity of 360 MW is connected to Bus 1. The maximum demand at each bus is given in Table II. The hourly load and wind time series with 8,760 data points are collated into six bins using the method proposed in Section II, resulting in 36 scenarios. The frequency counts of scenarios are shown in Fig. 5 . The probability of each scenario is obtained by dividing its frequency count by 8, 760 .
Two experiments were conducted for the six-bus system. The purpose of the first experiment was to show the cost benefit of using the proposed TCSC-assisted TEP model over the TEP model. The results of the first experiment are shown in Table III . The results show that the costs and percent of wind curtailment are lower when installing TCSC (i.e., u l ≤ 1) is permitted. The investment cost is lower because installing a TCSC on the line at corridor 1-4 substantially increases the power transfer in that corridor, and only two new lines at corridor 2-6 are needed. However, without TCSC (i.e., u l = 0), in addition to the two new lines at corridor 2-6, a new line in corridor 1-2 is installed that results in higher investment costs. The purpose of the second experiment is to offer a comparison between the computational cost of MILP1 and MILP2 as a function of the number of scenarios. Each time series was collated into 6, 12, and 30 bins resulting in 36, 144, and 900 scenarios, respectively. Table IV shows the results of the experiment. The results show that the computation time of the MILP2 is less than that of MILP1 because the number of binary variables of MILP2 does not increase when the number of scenarios increase. This advantage of MILP2 makes it a suitable model for large-scale systems.
B. Experiments Using the IEEE 118-Bus
The IEEE 118-bus system has 186 transmission lines and 54 generators. Total generation capacity of the system is 8,270 MW, and its total peak load is 3,733 MW. Additional system data is available in [40] . We conducted three experiments using this system for the purpose of understanding the impact of load and generation variations on the results obtained from our TCSC-assisted TEP and TEP models. Specifically, for the first experiment, we placed one wind power generator with a maximum capacity of 900 MW at Bus 85; for the second experiment, we added a similar generator at Bus 89; and for the third experiment we moved the two 900 MW generators to Bus 20 and Bus 25. In addition, the maximum loads at all buses in the first experiment are increased by 1%; and for the second and third experiment, they are increased by 10%. For all experiments we use the 6 × 6 set of scenarios used in the simulation of the 6-bus system.The results of all experiments show that the TCSC-assisted TEP is preferred to the TEP since the costs and wind curtailment are lower. Table V represents the results of the first experiment. The results show by switching from TEP to TCSC-assisted TEP the investment cost and expected operation cost are decreased by 1% and 2.73%, respectively, and the wind curtailment is decreased by 35.3%. The new transmission lines added to the system under the TCSC-assisted TEP (11 lines) are a subset of the lines added under the TEP (14 lines). When no TCSC is allowed, among the 14 new lines, two are of long length, three are of short length, and nine are of medium length. Among these 14 new transmission lines six are connected to Bus 85 where the wind generator is also connected. Under the TCSC-assisted TEP, among the 11 new lines only three lines of medium length are selected for installing TCSCs; also, the TCSC installed in the line between buses 92 and 100 is not in the set of new transmission lines suggested by TEP. Finally, the computational time for the TCSC-assisted TEP model was 1431 seconds using MILP1, and 688 seconds using MILP2. Table VI shows the results of the second experiment. The results show that TCSC-assisted TEP decreases investment and operation costs by 9% and 2.8%, respectively, and the wind curtailment by 54.5% over TEP. The new transmission lines added to the system under the TCSC-assisted TEP (15 lines) are a subset of the lines added under the TEP (26 lines). Under TCSC-assisted TEP, all six TCSCs are installed on medium length transmission lines, and they could be considered as a tradeoff with 11 new transmission lines suggested under TEP. The computational time for the TCSC-assisted TEP model was 1125 seconds using MILP1 and 580 seconds using MILP2. Table VII presents the results of the third experiment that was designed to shed light on the impact of location of wind generators on the optimization results. We modify the second experiment by moving its two 900 MW generators from Buses 85 and 89 to Buses 20 and 25. The new buses are located in a less congested area of the network. By comparing the results of Tables VI and VII, we observe the number of new transmission lines without using TCSCs reduces from 26 of experiment two to 15 for experiment three; while the number of new lines when TCSCs are allowed reduces from 15 to 13. In addition, the number of TCSCs installed reduces from six for experiment two to four for experiment three.
V. CONCLUSION
Optimization models for transmission expansion planning (TEP) and thyristor controlled series compensator (TCSC) location-allocation problems are mixed-integer nonlinear programs (MINLP), and these problems have been addressed in the literature. Here, we proposed a TCSC-assisted TEP optimization model to synergistically take advantage of benefits provided by both planning problems. The model relies on the DC approximation of the power flow network and ties the maximum flow limit of each line to its length. We mitigated the nonlinearity of the proposed model by using the general linearization technique and a modified disjunctive model and offered two mixed integer liner programs (MILP1 and MILP2) for efficient solution of the problem. The objective function of the model minimizes the investment costs and the expected generation and load shed costs while considering different joint load and wind power scenarios. We also propose a new approach for creating joint load wind power scenarios. We used the 6-bus as well as the IEEE 118-bus systems to examine the benefit of combining the two planning problems and investigated fidelity and computational efficiency of the proposed models. The numerical results show it is beneficial, from the cost and wind energy penetration points of view, to combine the two planning problems as proposed by the TCSC-assisted TEP problem. Results also show that while both MILPs render the same optimal solution, the solution time for MILP2 is considerably less than for MILP1.
